The development of resistance to amphotericin methyl ester, measured in terms of the amount of drug required to induce a standard rate of release of K+ from suspensions of washed organisms, has been followed in Candida dbicans in starved cultures under controlled conditions of aeration, stirring and temperature. Resistance develops at a rate which increases with the rate of aeration, limited by the onset of damage due to turbulence. Resistance decreases rapidly if gassing with Nz is substituted for aeration, but sensitivity does not reach that of exponentially growing cells. Resumption of aeration is followed by a slow recovery of resistance.
Nz is substituted for aeration, but sensitivity does not reach that of exponentially growing cells. Resumption of aeration is followed by a slow recovery of resistance.
The addition of inhibitors of protein synthesis (trichodermin, verrucarin) or uncoupling agents (2,4-dinitrophenolY sodium azide) at the beginning of starvation results in an increased rate of development of resistance. Adding inhibitors at a later stage, when resistance has developed after 72 h aeration, does not affect the decrease in resistance produced by gassing with N2 but the presence of trichodermin or verrucarin delays the recovery of resistance on resumption of aeration.
I N T R O D U C T I O N
The sensitivity of Candida albicans, grown in batch culture at 37 "C, to polyene antibiotics varies markedly with the growth phase (Gale, 1974; Hammond & Kliger, 1974; Hammond, Lambert & Kliger, 1974) . Judged by the concentration of amphotericin methyl ester (AME) required to induce a standard rate of leakage of K+, the sensitivity of Candida dbicans decreases from 0.1 pg AME ml-l for organisms in the exponential phase of growth to 10 to 60 pg AME ml-l for organisms in the late-stationary phase (Gale et al., 1975) . Gale et al. (1975) found that protoplasts of stationary phase organisms had the same sensitivity to AME as those from exponentially growing organisms and that lipid material antagonistic to the antibiotic could be extracted from cell walls. The amount of antagonistic material released from stationary phase organisms was not markedly greater than that from exponential phase organisms and it seemed improbable that the large difference in AME sensitivity of the two cultures was due to changes in the lipid content. The AME resistance of stationary phase organisms decreased rapidly on incubation with mercaptoethanol or glucose, the latter effect being prevented by the presence of metabolic inhibitors. Further treatment of such 'reduced' cells with oxygen or oxidizing agents resulted in increased AME resistance. Treatment of organisms with the SH-binding agents, iodoacetamide or N-ethylmaleimide, gave a rapid and marked increase in AME resistance ; this resistance was not affected by further treatment with reducing agents. It was suggested that the degree of reduction of SH groups in the cell surface is an important factor in determining AME sensitivity. The present paper shows that the development of AME resistance in starved Candida albicans is dependent on the rate of aeration of the culture, and that
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the level of resistance, once established, can be modified by alterations in the oxygen tension of the medium. However, the actions of inhibitors of protein synthesis indicate that the development of resistance is more than a simple oxidation-reduction effect.
METHODS
Organism. Candida albicans strain 6406 was obtained from the Mycology Reference Laboratory of the London School of Hygiene and was maintained, cultured and prepared in -washed suspension as previously described (Gale, I 974).
Growth conditions. Organisms were grown in a medium containing Difco Bacto yeast nitrogen base (YNB) (6.7 g 1-l) with limiting glucose in a I 1 continuous-flow fermenter (FL 101, AB Biotec, Stockholm, Sweden). The rate of stirring, and supply of medium, air or N2, were controlled and monitored, together with temperature, pH value and oxygen saturation, by the appropriate accessories (LPI 00 Process Instrumentation Panel, AB Biotec). In a typical experiment, I 1 YNB medium containing glucose at I % (w/v) was inoculated and incubated at 37 "C in a stream of air flowing at 2-7 1 min-l with the medium stirred at 1000 rev. min-l; after 16 h, continuous flow of medium at 150 ml h-l was started (giving a mean generation time of 4 h 40 min; D=o.15 h-l) and continued for 36 h. The flow of medium was then stopped but aeration, stirring and temperature control continued. Samples (20 ml) of culture were withdrawn at intervals and the organisms were prepared for AME sensitivity estimations. In experiments involving the addition of metabolic inhibitors, these were added to the fermenter vessel but removed during the preparation of organisms for test.
Viable count. This was determined by diluting I ml of each sample in sterile saline and plating dilutions on to Difco yeast morphology agar. The plates were incubated at 37 "C for 24 h and the number of colonies per plate counted.
Growth inhibitors. The minimum growth inhibitory concentration of 2,4-dinitrophenol, sodium azide and trichodermin was determined by following the growth of Candida albicans at 37 "C in YNB medium containing I % (w/v) glucose supplemented with the inhibitors at suitable concentrations.
Estimation of K+ release and AME sensitivity. The terms 'AME sensitivity' and 'AME resistance' refer to the action of amphotericin methyl ester in inducing the leakage of K+ from suspensions of organisms, estimated by the use of a K+-sensitive electrode (Gale, 1974) . Organisms were suspended at a final density of 1.0 mg dry wt ml-l in 0.03 M-Tris/HCl buffer, pH 7.5, at 20 "C. The rate of K+ release was followed until the standard rate of release (s.r.), equal to I nmol K+ min-l (mg dry wt organisms)-l above that in the control without AME, was obtained. The concentration of AME needed to induce this rate of release (s.r.c.) in 8 min at 20 "C was determined (Gale, 1974) . Where resistance was greater than 20 ,ug AME ml-l, samples of untreated organisms were heated to IOO "C for 15 min and the K+ content of the suspension was then measured by the electrode to ensure that the resistance was not due to absence of Kf from the cells.
Materials. AME was a gift from Professor C . P. Schaffner of Rutgers University, U.S.A. ; trichodermin a gift from Leo Pharmaceutical Products, Denmark. The preparation of verrucarins contained verrucarins A and B and roridins A and D in the proportions 1.0: 1-2:0.52:0.75 and was supplied by Dr E. Cundliffe, Department of Biochemistry, University of Leicester.
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RESULTS
Eflect of rate of aeration on the development of AME resistance
Using YNB medium containing I % (w/v) glucose at an initial pH of 5.5, experiments were done which differed in the rate of supply of air and in the rate of stirring; rates were kept constant within each experiment. In most cases the rate of stirring was maintained at 1000 rev. min-l. Initial samples were taken when the flow of medium was stopped; the rate of aeration during the growth period had no significant effect on the AME sensitivity of the initial sample (mean s.r.c. 0.1 I pg AME ml-l, n = '15, range 0.07 to 0.19). Figure I shows the effect of the aeration rate on the development of AME resistance during starvation for 72 h. No significant decrease in viability occurred during this period. When the rate of aeration was 1.5 1 min-l or less, a slow increase in AME resistance took place but amounted to less than 10-fold in 72 h. At higher rates of aeration, resistance increased more rapidly and amounted to Ioo-fold after 72 h aeration-at 2-7 1 min-l with stirring at 1000 rev. min-l.
At even higher rates of aeration, AME resistance increased more slowly, and at 4 1 min-1, resistance decreased between 48 and 72 h. The turbulence at these high aeration rates was considerable and it seemed probable that organisms could suffer mechanical damage under these conditions. This suggestion was supported by the finding that the rate of development of AME resistance in cultures aerated at 2-7 1 min-l was considerably decreased by raising the rate of stirring from 1000 to 1500 rev. min-l ( Efect of changes in oxygen tension on AME resistance. Cultures were grown as above, medium supply was stopped and the culture was aerated at 2.7 1 min-l for 48 or 72 h, i.e. until the AME resistance had risen to between 3 and 10 ,ug ml-l. A sample (t = 0) was taken for estimation of the s.r.c. and then the air was replaced by oxygen-free nitrogen flowing at the same rate. The oxygen-saturation electrode showed thal the oxygen tension decreased rapidly until approximately 55% saturation (Fig. 2 ) . A slow decrease to about 45% saturation took place over the next I to 2 h, after which the saturation values again fell rapidly to around 10 to 15 yo. Samples were taken after I and 4 h in N2 and the AME sensitivity was determined. In five experiments, the s.r.c. of the N,-gassed culture had fallen within I h to 13 to 25 % of the initial (t = 0) value. Bubbling with N2 for a further 2 to 3 h had little further effect on the AME sensitivity in three experiments (Fig. 2 ) . The lowest s.r.c. value obtained was 0.43 ,ug AME ml-l [for a culture aerated for 72 h; s.r.c. (at t = 0 ) 3.2 pg AME ml-l] so the decrease in oxygen tension did not increase the sensitivity of the 72 h culture to that of an exponentially growing culture (0.1 I pg AME ml-1).
Replacing N2 by air was followed by a rapid rise in oxygen tension which reached 93 to 98 % saturation within 30 min; oxygen tension then decreased slowly to about 90 to 91 yo saturation in the next 2 to 3 h, after which it remained constant. Samples of organisms were taken after I, 2, 3 and 18 h aeration and AME sensitivity was determined. In four experiments in which the culture had first been gassed with N, for I h and the oxygen saturation had not fallen below 50 %, the s.r.c. value increased between two and three times during the first hour of aeration. It continued to increase during the next I to 2 h aeration but the s.r.c. did not exceed 50% of that of the initial (t = 0) sample during that time; the slow increase continued and the value reached or exceeded that of the t = o sample after overnight aeration. Typical results are shown in Table 2 Effect of rate of aeration on the development of resistance to AME in C. albicans. Candida albicans was grown in a continuous culture at D = 0.15 h-l as described in Methods; at time 0, the flow of medium was stopped, but stirring and aeration were continued. At intervals, samples were centrifuged, the organisms were washed and resuspended in 0.03 ~-Tris/HCl buffer, pH 7-5, at I -0 mg dry wt ml-l, and sensitivity to AME was determined as described in Methods. All cultures were stirred at 1000 rev. min-l except one (m), which was stirred as 1500 rev. min-l. Rates of air flow (lmin-l) were: A, 0.45; 0, 1-4; 0 and m, 2.7; A, 3-3; 0, 4.0. Fig. 2 . Effect of oxygen content of the medium on the resistance to AME of starved C. albicans.
Candida albicans was grown in a continuous culture in YNB medium containing I % (w/v) glucose;
at time 0, the flow of medium was stopped and the culture was aerated at 2-7 1 min-l with stirring at 1000 rev. min-l, temperature 37 "C. At the times shown, air was replaced by oxygen-free nitrogen flowing at the same rate; % oxygen saturation of the medium was measured with an oxygen-saturation probe. After the first air +N2-+air cycle, the culture was aerated overnight. Circled numbers indicate the AME resistance (s.r.c.) of organisms removed from the culture at the times shown.
which Nz was passed through the culture until the oxygen tension had fallen to less than 15 yo saturation, recovery of AME resistance was delayed; there was little or no increase in s.r.c. during I h aeration but it slowly increased thereafter (Fig. 2) .
Action of metabolic inhibitors Inhibitors have been used in an attempt to find out to what extent the changes in AME sensitivity, described above, are mediated by protein synthesis or other metabolic activity. In a previous paper, Gale et al. (1975) showed that the SH-binding agents, iodoacetamide and N-ethylmaleimide, gave a rapid and irreversible increase in the AME resistance of Cmdida albicans. In the present investigation, we decided to use the uncoupling agents, 2,4-dinitrophenol (DNP) and sodium azide (NaN,), and two inhibitors of protein synthesis in eukaryotic organisms, trichodermin and verrucarin (Cundliffe, Cannon & Davies, I 974). Estimation of the minimum growth inhibitory concentrations gave the following values : DNP, 0.1 (24 h) and 0.3 mM (72 h incubation); NaN,, 0.03 (24 h) and 0.3 m M (72 h incubation) ; trichodermin, 10 pg ml-l (24 h incubation). Cundliffe (private communication) reports that the verrucarin preparation inhibits protein synthesis at I pg ml-l in eukaryotic Amphotericin resistance in Candida albicans 81 Table I . Eflect of the presence of inhibitors on the development of resistance to Growth conditions were as described in the legend to Fig. I , except that inhibitors were added to the culture vessel when the nutrient supply was stopped. After further aeration for the times shown, organisms were removed from the culture, washed and resuspended in Tris/HCI buffer, pH 7.5, for determination of the standard release concentration (s.r.c.). The s.r.c. for organisms at the beginning of the starvation period was 0.10 to 0.15 pg AME ml-l.
AME in C. albicans
Standard release concentration (pg AME ml-l) Rate of 
2.7
None -cells including yeasts. Different effects were observed when the inhibitors were added at the beginning of starvation or after 72 h. Inhibitors added at the beginning of starvation. Cultures were grown as described above and the inhibitor was added, at the final concentrations shown in Table I , at the time when the supply of nutrient was stopped. Samples were taken every 24 h while the starved culture was aerated at 2-7 1 min-l, and the sensitivity to AME was determined using organisms washed free from inhibitor. Table I shows that the presence of the inhibitors resulted in a marked increase in the rate at which AME resistance developed, the value after 48 h (24 h for I mM-DNP) aeration being equal to, or greater than, that obtained in 72 h in the control without inhibitor. The AME resistance shown by organisms aerated in the presence of 20 pg trichodermin ml-l was as great after 48 h aeration at 0.5 1 min-l as at 2-7 1 min-l; consequently the development of resistance is not dependent on a high rate of aeration as in the absence of inhibitors.
The release of K+ after addition of AME to suspensions of organisms grown for 48 h in the presence to 20 pg trichodermin ml-l followed a course different from that obtained with control organisms (Gale, 1974) . Figure 3 shows the progress of K+ release in the presence of trichodermin; whereas the 24 h organisms showed the usual release increasing with time, the rate of release from 48 h organisms decreased with time to a value which was very approximately proportional to the amount of AME added.
This alteration in the type of response makes comparison between cultures difficult. It was shown above that gassing the culture with N2 instead of air resulted in a marked decrease in the resistance of organisms aerated in the absence of inhibitors. Similar tests have been carried out with organisms aerated for 48 h in the presence of 20 pg trichodermin ml-l and then gassed with N2 for I h; there was an increase in AME sensitivity in that a similar K+ release curve was obtained with 12 pg instead of 15 ,ug AME ml-l but the effect was much smaller than that for control cultures. Similar results were obtained with organisms aerated for 48 h in the presence of 5 pg verrucarin ml-? After 72 h aeration in the presence of trichodermin or verrucarin, when the resistance had risen to values greater than 20pg AME ml-I, no decrease in resistance was observed on passing N2 through the culture for up to 4 h. Inhibitors added after 72 h aeration. Cultures were grown as described above, medium supply was stopped, the culture was aerated at 2.7 1 min-l for 72 h, and a sample (t = 0) was taken for measurement of AME resistance. In some experiments the culture was taken through a cycle of I h Nz followed by aeration for several hours or overnight, the s.r.c. being determined at each stage ( Table 2 ) . DNP (final concentration I mM), NaN, (final concentration 3 mM) or trichodermin (20 or 50 pg ml-l) was then added (or at t = o if the preliminary cycle was omitted) and the cycle was repeated.
Neither DNP nor NaN,, at the concentrations tested, significantly affected either the decrease in AME resistance with a fall in oxygen tension, or the subsequent slower increase on aeration (Table 2) . Prolonged treatment (greater than 4 to 5 h) in the presence of inhibitors led to the production of organisms which, from the nature of their response in the Kf release assay, appeared to be heterogeneous in their response to AME. With I O~M -~,~,~',~'-tetrachlorosalicylanilide as a metabolic inhibitor, the organisms showed the same qualitative changes of resistance with changing oxygen tension but their response was too erratic for accurate quantitative assessments to be made.
Trichodermin did not affect the decrease in AME resistance that occurred during the passage of N2 but markedly delayed the restoration of resistance on aeration. In control experiments, the s.r.c. value obtained after I h in N, gas approximately doubled after aeration had been restored for I h and then increased slowly reaching, overnight, a value equal to, or greater than, that of the t = o sample. In the presence of trichodermin, this restoration of resistance was delayed; in the presence of 50 pg trichodermin ml-l or 5 pg verrucarin ml-l, the AME resistance continued to decrease for some hours after N, had been replaced by air. The restoration of resistance was not completely inhibited as the t = o value was reached or passed aftel 24 h aeration. The response of the organisms starved for Amphotericin resistance in Candida albicans 83 Initial s.r.c. (pg AME ml-I) . . . 72 h is thus very different from that of organisms treated with trichodermin at the beginning of starvation.
DISCUSSION
The large changes in the sensitivity to AME of Candida albicans growing in batch culture are of interest in the study of the interaction of the antibiotic with the organism as opposed to the cytoplasmic membrane. As the culture passes into the stationary phase, a number of changes occur. Hammond & Kliger (1974) observed an increase in triglyceride content and in thickness of the cell wall, and suggested that the wall acted as a barrier to the diffusion of polyene antibiotics into the cell. Gale et al. (1975) also observed an increase in lipid content of the cell wall and found that the extracted lipids bound AME, but the changes did not seem commensurate with the increase in AME resistance. However, they found that resistant, late-stationary phase organisms quickly regained sensitivity under reducing conditions, that organisms whose resistance had been decreased by incubation with mercaptoethanol regained some resistance on bubbling with oxygen or treatment with SH-oxidizing agents, and that resistance could be markedly and irreversibly increased by incubation with iodoacetamide or N-ethylmaleimide.
The present results show that the development of AME resistance in starved organisms is dependent on the rate of aeration of the culture, and is most rapid in conditions where the oxygen in the medium is kept at saturation level. Under the experimental conditions used, resistance developed slowly, reaching a value IOO times that of exponentially growing organisms after some 70 h aeration. Once this resistance had developed, it could be rapidly decreased by bubbling Nz through the medium, 75 to 85 % reduction in resistance occurring in I h when the oxygen in the medium was decreased to about 50:/0 saturation. A further decrease in oxygen tension did not markedly lower the AME resistance and the organisms never became as sensitive as exponentially growing organisms. So far the results are consistent with the suggestion that resistance is determined by the presence of, and the degree of oxidation or reduction of, an SH component in the cell wall (Gale et al., 1975) .
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However, the effects of metabolic inhibitors, especially inhibitors of protein synthesis, on the development of resistance indicate that the situation cannot be as simple as that. Inhibition of protein synthesis from the beginning of the period of starvation results in a faster development of AME resistance, and this development is no longer dependent on maintenance of oxygen saturation. Resistance cannot therefore be due to the synthesis of protein. The overall effect of inhibiting protein synthesis is the same as that of aerationa promotion of the onset of resistance. The change in the time course of K+ release in the presence of AME (Fig. 3) that occurs after growth in trichodermin may mean that the resistance developed is not due to the same changes as those occurring in control cultures.
The addition of inhibitors to organisms that have been starved for 72 h and then had their resistance decreased by passing N2 through the medium, has apparently the opposite effect to the addition of inhibitors at the beginning of starvation, namely, a delay in the onset of resistance. Organisms starved for 72 h will differ from those at the beginning of starvation in loss of pool and depletion of energy reserves; protein synthesis will be minimal. Lampen et al. (1959) found that 'yeast' was unable to absorb nystatin in the absence of substrate so depletion of energy reserves may be one factor involved; however, in the present experiments, AME sensitivity was rapidly restored in a reducing medium. None of the inhibitors had any significant effect on the decrease in AME resistance produced by decreasing the oxygen tension of the medium. The previous hypothesis clearly requires elaboration. It still seems that AME resistance can be explained by the production of a component R of the cell wall and that reduction of that component decreases the resistance. The previous findings on the effects of iodoacetamide and N-ethylmaleimide indicate that R possesses a SH group and that resistance is irreversible when the SH group is alkylated. Aeration may therefore promote resistance by preventing reduction of R. Since inhibition of protein synthesis during the early stages of starvation also promotes the onset of resistance, it would appear that R or its precursor may be involved in protein synthesis, which likewise prevents the emergence of R itself.
The changes in resistance accompanying the cycle of decreasing and increasing the oxygen content of the medium show that R can be readily reduced but its restoration is a much slower process. This suggests that the reduced form of R is further metabolized rather than re-oxidized. Any attempt to explain the detailed differences between organisms before and after 72 h starvation must await further knowledge concerning the processes and pools available in those organisms. This work was supported by a grant from the Medical Research Council.
